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Abstract

When investigated by X-ray microdiffraction, the stress states in thin metal films are found to be more complex than
as assumed by the simple models that have been formulated to describe their behavior. In this paper, the local dif-
ferences in stress have been measured in a polycrystalline Al(0.5 wt% Cu) film on Si and an epitaxial Cu film on Al,Os.
Significant differences in stress state are apparent between grains, but also within grains. While both types of film
display a local variation in residual stress state, the width of the distribution is much broader in the polycrystalline film.

The reasons for this are discussed in terms of grain size distribution and dislocation nucleation.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thin metal films on substrates are important for
many technological applications, including mi-
croelectronic and micromechanical systems. It is
now well known that materials in thin film form
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are stronger than the same materials in bulk form,
such that the flow stresses increase with decreasing
geometry (e.g. thickness) and microstructural di-
mensions. While much understanding has already
been provided by careful experiments on thin
films, principally using laser wafer curvature ex-
periments, e.g. [1,2], the key to further under-
standing of deformation and strengthening in thin
films is local measurement of stress and strain, i.e.
by transmission electron microscopy (TEM) and
X-ray microdiffraction (XRMD). In this paper, the
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local distribution of stresses in epitaxial and
polycrystalline metal films is examined with the
XRMD technique.

In general, it has been shown that film strength or
film flow stress scales inversely with the film thick-
ness. This can result in significant stresses in thin
film devices, which in turn can lead to failure in
service. Past work [3-5] has produced several
models that provide a good description of the
mechanisms that are involved in deformation of
thin films. These models consider the energetics of
strain relieved as a threading dislocation moves
through a film versus the work required to lay down
dislocations at interfaces between the film and
substrate. The resulting expression, often referred to
as the Nix—Freund model, usually takes a form like

o — sin ¢ b 2pp In ph
7 cospcos A An(l — A | u + g b))
(1)

where o, is the flow stress, 4 is the film thickness,
ue and pg are the film and substrate shear moduli, v
is Poisson’s ratio of the film material, b is the
Burgers vector, f is a dislocation core-cut-off cor-
rection, and sin ¢/(cos ¢ cos 1) is a geometric fac-
tor to account for texture and orientation of slip
planes with respect to the film normal.

In recent work, Dehm et al. [6] have shown that
epitaxial Al and Cu films can be adequately de-
scribed by the Nix—Freund model. These are films
with a large grain (or domain) size and sharply de-
fined crystallographic interfaces between the metal
film and substrate. Observation of dislocation mo-
tion within these epitaxial films also confirms the
formation of threading dislocations. In polycrys-
talline films, an inverse-thickness relationship is also
observed, however the flow stresses at room tem-
perature are much higher than predicted by the Nix—
Freund model. This is not unreasonable because the
Nix—Freund model is not meant to include other
strengthening mechanisms, such as effects of grain
size [3]. Other authors (e.g. [4,7]) have included
grain size terms to describe the general strength of
thin films. However, in cases where the grain size is
comparable to or even larger than the film thickness,
as in the films examined here, the film thickness will
dominate the yielding behavior.

TEM experiments [8,9] have shown that in
polycrystalline and epitaxial films the amount of
yielding (or plasticity) varies significantly with lo-
cation. However, some of the inherent limitations
of TEM (e.g. sample preparation, small field of
view) make it difficult to directly correlate the
TEM observations with macroscopic thin film
behavior. TEM observations also do not give in-
formation on local strains, although some recent
work with convergent beam electron diffraction
(CBED) has been able to show asymmetries in the
strain distribution [10] in thin film structures. Re-
cent development of scanning microbeam X-ray
diffraction has provided new insight into local
plasticity in thin films. In this work, XRMD is
used to examine polycrystalline Al(0.5 wt% Cu) on
Si and epitaxial Cu on AL,Os. Previously, a large
distribution of stresses was reported for the poly-
crystalline Al(Cu) film [11]. Here we provide a
much larger data set for analysis and discussion. It
will be shown that there are substantial differences
between polycrystalline and epitaxial thin films in
terms of stress distribution.

2. Sample preparation

The 1.5 pm thick Al(0.5 wt% Cu) thin film was
magnetron sputter deposited at 400 °C on a 200
nm thick Si-rich (compared to stoichiometric
Si3Ny) SiN, film on a Si wafer. The stress state at
room temperature is primarily a result of the
cooldown from the deposition temperature due to
the difference in thermal expansion coefficients
between the film and the substrate. In addition,
some stress relaxation (creep) at room temperature
has occurred over several weeks between cooldown
and these measurements.

The 1 pm thick epitaxial Cu film was grown by
magnetron sputtering on a (000 1)-oriented o-
AlL,O3 (sapphire) single crystal substrate. Deposi-
tion was performed at 100 °C, followed by a 10
min anneal at 600 °C. This film is one of the series
characterized by Dehm et al. [6], and exhibits an
orientation relationship that can be described by
{111} £ (112)Cu||(0001)(1010)Al,0;. The data
shown here are from the room temperature scans
after one or two thermal cycles to 400 °C (“‘scan
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1, “scan 2”). In typical thermal cycles, the be-
havior does not change after the first cycle, so the
room temperature scans performed here are com-
parable. Data from the full temperature cycles for
epitaxial copper on sapphire will be presented in a
forthcoming paper.

3. X-ray microdiffraction

This study was conducted at the X-ray micro-
diffraction beam line (7.3.3) at the Advanced Light
Source in Berkeley. In essence, white X-rays (6-14
keV) are focused to form a spot approximately
0.8 x 0.8 um in size. Rather than moving the spot
over the sample, a fixed diffracting geometry is
used (v =45°, 20 =90°) and a large area CCD
camera is used to capture the diffraction informa-
tion — in this case a Laue diffraction pattern from
the illuminated volume. The Laue pattern is au-
tomatically indexed using software developed in-
house to determine the orientation, stress and
strain from the illuminated volume. Each CCD
frame may contain multiple Laue patterns from
different metal grains and the silicon substrate, and
the software can also index these overlapping Laue
patterns. The misorientation between any two
grains as well as orientation variations within
single grains can be determined with a precision of
0.01°. The deviations of the Laue spot positions
from those of an unstrained crystal are used to
calculate the distortion of the crystal unit cell, with
a strain sensitivity of about 2 x 107*. The devia-
toric stress tensor is then calculated using the an-
isotropic stiffness coefficients for the material. A
more detailed description of the apparatus and
technique is given elsewhere [12,13].

This paper reports the maximum resolved shear
stress (MRSS) in each grain. The MRSS is calcu-
lated from the deviatoric stress tensor by deter-

Table 1

mining the resolved shear stress on each of the
twelve (110){111} slip systems and then taking
the maximum absolute value. The error in the
strain tensor results in a maximum error in the
MRSS of 17 MPa for Al and 32 MPa for Cu.

Maintaining the fixed diffracting geometry, the
sample is raster scanned with a piezoelectric step-
per motor under the beam with a step size around
0.5 um. By translating the sample in this manner a
series of Laue patterns is obtained, and two-di-
mensional maps of stress, strain and orientation
can be produced. Table 1 lists the parameters used
to scan the three samples considered in this work,
with the corresponding area and number of Laue
images collected. All scans were performed at
room temperature.

4. Results

Fig. 1 shows typical maps of data that can be
obtained from the microdiffraction experiment and
subsequent analysis. These gray-scale images show
the angle between the (111) direction and the film
normal. Grain outlines have been overlaid to mark
the boundaries between grains. Our ability to de-
termine the exact location of the grain boundary is
limited by the step size of the microdiffraction
scan. Each Laue image can contain diffraction
data from several different grains. The principal
grain within each volume is determined from the
intensities of the Laue spots. However, the mis-
orientation between grains is known very accu-
rately (0.01°), and it is only the position of the
grain boundary relative to the two grains that is
not known precisely. Therefore the map gives only
an approximation of the microstructure, and care
should be taken when inferring information about
the exact location of grain boundaries. However,
for the interest of this work, the statistics provided

Microdiffraction experimental parameters; X and Y are the number of diffraction images taken in the x- and y-directions, S is the step
size, Ly and Ly are the total scan lengths, 4 is the total area, and N is the total number of Laue diffraction images collected

Sample X Y S (um) Ly (pm) Ly (um) A4 (um?) N

Al(Cu) on Si 97 71 0.4 38.8 28.4 1102 6887
Cu on Al,Os (scan 1) 30 30 0.5 15 15 225 900
Cu on Al,O; (scan 2) 41 41 0.25 10.25 10.25 105 1681
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Fig. 1. XRMD map of orientation of the [1 I 1] direction with respect to the film normal for (a) 1.5 pm Al (0.5 wt% Cu) on silicon, and

(b) scan 1 and (c) scan 2 of 0.8 um Cu on Al,Os.

by the large number of data points outweighs any
uncertainty about the precise positions of grain
boundaries.

The Al(Cu) film has a broad (11 1) fiber texture,
but with only a small number of grains deviating
by more than 15° from the film normal. Fig. 2
reproduces the orientation maps for Cu on Al,O;
with a new scale so that the misorientation be-
tween grains can be more clearly observed. Al-
though these two maps of copper show only a few
grains, the images concur with other knowledge
about this Cu/Al,O; film [6], and a narrower tex-

ture is observed. The larger average grain size and
smaller XRMD scan size have resulted in a smaller
number of grains that have been sampled.

Fig. 3 shows maps of the maximum resolved
shear stress (MRSS) and average peak width
(APW) for the Al(Cu) film. Again the outline of
grain boundaries is overlaid. The APW is deter-
mined from the full width at half maximum of a 2-
D Lorenzian fit to the intensity of each spot from a
grain in the Laue pattern, and averaging the values
obtained. Higher dislocation densities add width
to X-ray diffraction peaks. Therefore, the APWs
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Fig. 2. XRMD maps of orientation of the [1 1 1] direction with respect to the film normal for 0.8 pm Cu on AL O;.

are used here as an indication of relative disloca-
tion density within the grains. Each data point in
Fig. 3 is an average of the surrounding 3 x 3 im-
ages (data from neighboring grains are excluded
from this averaging step) to smooth the data.
Several grains have been labelled (A-E) for dis-
cussion below.

In Fig. 4, the median value of the MRSS for
Al(Cu) in each grain has been calculated. Grain
size is calculated as the square root of the area
occupied by the grain in the grain map. This
provides a straightforward method of comparing
differences between stresses in grains of different
size. Fig. 4 also shows a median value calcu-
lated by combining all of the MRSS values
within the size intervals that are shown on the
chart.

Fig. 5 shows maps of the MRSS for the copper
film on sapphire. Again, an averaging of the sur-
rounding 3 x 3 images (data from neighboring
grains excluded) was performed. There are an in-
sufficient number of grains in these maps to pro-
duce the median chart similar to Fig. 4. Instead,
Fig. 6 shows the MRSS data from the two samples
after binning into histograms. The MRSS data
from the two scans of copper on sapphire have
been combined to give one aggregate chart. The
two room-temperature scans are comparable, and
the data have been combined to give improved
statistics. The bottom axis for these histograms has
been normalized by dividing the MRSS by the slip
plane shear modulus of the thin film material,
which is calculated using

2C4u + Cpp — Cyy
Hitoyfi1y :C44—f-

The following values for the elastic constants have
been used: C;; = 106.8 GPa, C;, =60.7 GPa,
C44 =282 GPa (Al), C11 =168.4 GPa, C12 =
121.4 GPa, Cyy = 75.4 GPa (Cu). This gives a slip
plane shear modulus of 24.8 GPa for Al, and 40.8
GPa for Cu. The total counts for the Al(Cu) film
are higher, but there are still good statistics for
comparison of both data sets.

5. Discussion

In both samples considered here, the final stress
state is obtained after temperature cycling, so that
the total strain imposed is produced by mismatch
between thermal expansion of the film and sub-
strate, and is given by

Etotal = AOCATa

where Ao is the difference between the coefficients
of thermal expansion of the film and substrate, and
AT is the change in temperature. This equi-biaxial
total strain induced by the substrate produces a
plane-stress state on average. Therefore, the same
total strain has been applied locally. The level of
stress that would be measured if all of this strain
was accommodated by elastic deformation is

Ototal = MAOCAT7

where M is the biaxial modulus of the film. The
anisotropic biaxial modulus in the (11 1) plane of
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Fig. 3. XRMD maps of maximum resolved shear stress (MRSS) and average peak width (APW) for 1.5 pm Al (0.5 wt% Cu) on silicon.
The pixel unit refers to pixels on the CCD camera and roughly corresponds to A20 = 0.1°.

Al is 110 GPa, and of Cu is 260 GPa. The change
in temperature from 400 °C to room temperature
is AT =375 K. The coefficients of thermal ex-
pansion are taken as; oy =23 x 10°¢ K~! [6],
g = 2.5 x 1070 K1 [14], acy = 18 x 107¢ K~! [6],
OALO, = T X 10~¢ K~! [6]. Therefore, the expected

total biaxial stress is around 850 MPa for Al(Cu)
on Si, and 1070 MPa for Cu on Al,O3. This would
then correspond to a resolved shear stress of 265
MPa for Al(Cu)/Si and 340 MPa for Cu/Al,O3 on
one of the (110){111} slip systems. However, the
values of MRSS in Figs. 3-5 are lower than these
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Fig. 5. XRMD maps of MRSS for 0.8 um Cu on Al,O;.

predicted maxima supporting the conclusion that
substantial plastic deformation has occurred
throughout the film.

First consider the case of the polycrystalline
Al(Cu) film. The map of maximum resolved shear
stress in Fig. 3 shows that the differences in
yielding behavior range from many grains with a
MRSS of 40-60 MPa to several grains (and re-
gions within grains) that have values of MRSS
greater than 160 MPa. This can also be observed
in Fig. 4, where in general the larger grains have
lower median MRSS values. In comparison, the

smaller grains have a range of values; on average
the smaller grains have a higher median MRSS,
but when considered individually, some have the
same low median level of MRSS as the large
grains. The large MRSS in some small grains
suggests that substantially less plastic deformation
has occurred there. This result is also confirmed by
the map of average peak width, where a grain with
a low MRSS corresponds with a region of high
APW (e.g. grains labelled A and B), or regions of
high MRSS have a low APW (e.g. grains labelled
C and D).
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Fig. 6. Histograms of MRSS values from polycrystalline Al(Cu) on Si, and epitaxial Cu on Al,O; (data from scans 1 and 2 have been
combined to improve statistics). Shear stress has been normalized by dividing by the slip plane shear modulus.

Fig. 4 reveals what appears to be a lower bound
to the MRSS data at around 40-45 MPa. This
could be a situation where a sufficient number of
dislocation sources are available so that once
yielding has occurred the final level of the stress
state is determined by the Nix—Freund model gi-
ven in Eq. (1). As the grain size in these films is
generally much larger than the film thickness, this
form of the Nix—Freund model can be applied.
Unfortunately, it is difficult to predict what this
low MRSS value is for the Al(Cu) because the film
is not pure aluminum. For pure Al on Si with
h = 1.5 pm; u = 26 GPa, p, = 66.5 GPa, b = 2.86
A, v=0.34-05 p=26, sin¢/(cos¢pcosl) =

3.46, this model predicts a biaxial stress of 29-37
MPa, or a resolved shear stress of 9-12 MPa. This
is lower than the observed lower bound to the
data, even when the experimental error (17 MPa
for Al) is considered. However, this model does
not take into account any additional hardening
that has occurred in the Al(Cu) film. There are at
least two additional factors; alloying additions and
strain hardening. The Nix—Freund model predicts
the critical stress for the first yielding event, and
does not account for any strain hardening. Several
dislocation dynamics models [15,16] have shown
that the stresses required to lay down additional
dislocations are higher than the stresses predicted
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by the Nix—Freund model. Several authors have
suggested precipitation hardening as an additional
mechanism that increases the low-temperature
strength of Al(Cu) films over that of pure Al films
during thermal cycling [1,17,18].

The comparison between the polycrystalline
Al(Cu) and the epitaxial Cu films is instructive. We
find very similar peak values of the MRSS when
normalized by the shear stress. However, there is a
much broader distribution of MRSS in the Al film
than in the Cu film. Several reasons for this are
possible. (a) Epitaxial films have a large average
grain size. As seen in the Al(Cu) film, large grains
tend to have lower values of MRSS. Therefore,
large grains in the epitaxial film might be consid-
ered representative of the entire film, whereas in
the polycrystalline film the grain size distribution is
much broader, containing many smaller grains
with higher stresses, which produces the broader
distribution of stresses. (b) An alternate explana-
tion may lie in an insufficient number of disloca-
tion sources in polycrystalline films. This
speculation is supported by the work of Dehm
et al. [6] who show that in epitaxial films, misfit
dislocations at the film/substrate interface can act
as sources for dislocations. Intuitively, one might
assume that polycrystalline films have a large
number of nucleation sites, but Dehm et al. [6] also
reported that dislocations were not emitted from
the interface between the metal film and amor-
phous interlayer in these films. Thus, in polycrys-
talline films, the only sources for dislocations are
grain boundaries and triple junctions. Owusu-
Boahen and King [9] suggest that yielding can
occur only at special triple junctions, thereby fur-
ther limiting the number of dislocation sources in
polycrystalline films. The exact configuration of
the grain boundaries is not known for these sam-
ples, so the Owusu-Boahen/King hypothesis can-
not be directly applied. However, limited
nucleation sites and absence of interfacial sources
would provide an explanation as to why there are
such large variations in stress from grain to grain
in the polycrystalline film. More work is required
to substantiate this claim.

It is also clear from the maps in Figs. 3 and 5
that in both the polycrystalline and the epitaxial
films, large local differences in yielding have oc-

curred. MRSS is used as the measure of plasticity;
regions with low MRSS values (lighter) have yiel-
ded more than regions with high MRSS values
(darker). There are large differences between
grains, but also substantial variations within
grains.

As discussed previously [11], the grains in the
Al(Cu) film deform inhomogeneously. If an exist-
ing set of dislocations is sufficiently aligned, they
can form low angle-boundaries, so that further
dislocation activity is confined to sub-grains. i.e.
the effective grain size is reduced. This can be seen
in the grain labelled ‘A’ in Fig. 3 where a band of
increased APW values is apparent. Fig. 7 shows a
magnified map of the out-of-plane orientation.
The gradient scale has been altered so that the
change in orientation across the grain becomes
apparent.

Finally, while small grains tend to display less
plasticity, this is not always the case. Some un-
usual grain behavior occurs, such as the grain la-
belled E (also marked in Fig. 4) which has a
relatively large grain size, a high MRSS and an
intermediate range of values for the APW. How-
ever, a closer examination of the MRSS map in
Fig. 3 shows that grain E is surrounded entirely by
grains with low values of MRSS. It may be that
the high MRSS in grain E is correlated with the
stress state of the neighboring grains, and local
interaction between neighboring grains has an
important influence on the yielding behavior.

2.5

film normal (degrees)

Angle between [111] and

T——
28 30 32 34
X (um)

Fig. 7. XRMD map of orientation of the [1 1 1] direction with
respect to the film normal for 1.5 um Al (0.5 wt% Cu) on sili-
con. This map is of the grain labelled ‘A’ in Fig. 3.
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6. Conclusions and summary

When investigated by microdiffraction, the
stress states in thin metal films appear much more
complex than as assumed in simple models. It is
determined by the interaction of the applied ther-
mal strain with the grain microstructure and dis-
locations. Some of the observations made in this
report are;

o Large local differences in stress have been ob-
served in a polycrystalline Al (0.5 wt% Cu) film
on Si and epitaxial Cu film on Al,O;. Differ-
ences are apparent between grains, but also
within grains.

e While both types of film display a variation in
plasticity, the width of the distribution is much
broader in the polycrystalline film.

e In the polycrystalline Al(0.5 wt% Cu) film on Si,
large grains often have lower MRSS values, and
small grains can have a range of stresses.

e Local interaction between neighboring grains
may also be an important mechanism for poly-
crystalline films, where there are a limited num-
ber of dislocation sources. This is thought to be
partly responsible for the nonuniform stresses
within the film.

From an application point-of-view, localization
of yielding is undesirable, as sites of high residual
stress are principal locations for formation of
voids or other deleterious microstructural defects.
In microelectronic and micromechanical systems,
such defects can lead to early failure in service.
Further understanding of how these stress maxima
occur can lead to their prevention. In terms of
processing, very sharp textures, uniform grain size
and the absence of special triple junctions are
highly desirable.
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